A simple model for papilloma formation is used to analyze data from a mouse skin-painting experiment performed with NMRI mice. The results suggest that one of two conclusions may be drawn: Either the model fails to properly describe the growth behavior of papilloma cells or the model suggests that papilloma cells do not have growth advantage over normal cells, even during promotion.
A simple one-stage model for the formation of papillomas is applied to data from a mouse skin-painting experiment performed with NMRI mice. The data come from a standard initiation-promotion experiment where promotion was stopped at prespecified time points. In this experiment, four groups of 60 animals each were used with different lengths of promotion: 5, 10, 20 and 40 weeks. The groups were observed for 41 (5-week promotion experiment), 44 (10-week promotion experiment) and 52 weeks (20 and 40-week promotion experiments). The animals were treated with 100 nmole of the initiator 7,12-dimethylbenz(a)anthracene (DMBA), followed by twice weekly applications of 5 nmole of the promoter 12-O-tetradecanoylphorbol-13-acetate (TPA). Individual weekly papilloma counts were available, and papillomas were counted if their size exceeded 1 mm in diameter.
The model used here ( Fig. 1 ) is a special case of a two-stage model for carcinogenesis with clonal expansion, which was first suggested by Kendall (1), Neyman (2) , and Neyman and Scott (3) and is usually attributed to Moolgavkar and colleagues (4, 5 Morris and Argyris (6) measured the cell-cycle time for basal layer cells of CD-1 mice treated with a single application of 200 nmole DMBA to be in a range of 121-175 hr (5-7 days). They also measured the cellcycle time of basal layer cells treated with an additional single application of 17 nmole of TPA. The cell-cycle time depended on the time since application of TPA; 1 hr after treatment it was 16 hr, and 3 days after treatment it was 25 hr. For the purposes of modeling, a constant cell-cycle time of 6 days was assumed for unpromoted initiated cells, and a constant cell cycle time of 20 hr was assumed for initiated cells under promotion. This can be translated into birth rates of f3 = 6.94 x 104 hr-= 3 before and after the stop of promotion, and P2 = 5 x 10-2 hrI during promotion. The number of basal layer cells in the treated area of the skin can be estimated as 12 x 106 because the treated area of the skin has a surface of 12 cm2 and a single cell of the basal layer occupies about 100 him2 (7) . Therefore, it can be estimated that the process starts with X = 12 x 106 normal cells. It can further be estimated that a papilloma of size 1 mm in diameter contains up to 5 x 105 cells. This number is not identical to the number of initiated cells present in a papilloma of size 1 mm in diameter because dead or differentiated cells may stay in the papilloma.
The remaining parameters were estimated from the data using maximum likelihood methods. The death rates were estimated in proportion to the birth rates, i.e., estimates were determined for ai = Maximum likelihood methods were used to yield ,uX = 83587, c2 = 1.0066, a3 = 1.0225, and M = 378 under the assumption al = a3, assuming a1 = 1 yielded the same results with a minor change in the estimate of RX. Figure 2 shows observed and expected mean papilloma counts using the estimated model parameters. To illustrate the influence of small changes in a2, Figure 2 shows an additional set of curves obtained by restricting the range of a2 to be smaller than or equal to 1.
This yielded estimates of jX = 41305, oc2= 1, a3= 1.0275, and M = 256. From the plot, it can be seen that the fit of this model was insufficient, especially for the data from the experimental groups with long promotion.
For mathematical tractability, weekly papilloma counts for each animal were assumed to be independent. Bootstrap methods were used to determine the distribution of the estimated parameters. For this purpose, 60 animals were sampled with replacement from each experimental group. For each animal, the whole stream of papilloma counts over time was taken. Parameters were estimated for this new collection of data, and the process was repeated 1000 times. The results are given in Table 1 . A sensitivity analysis was performed to investigate the influences of changes in the birth rates to the estimated parameters. In turned out that changes of the birth rates in their range (5-7 days for 1 and 16-25 hr for P2) had no significant impact on the parameter estimates.
It was further investigated how many experimental groups were necessary to yield satisfactory parameter estimates by evaluating the data from all single groups and all combinations of two or more experimental groups. It was apparent that two experimental groups were enough to yield qualitatively the same results as with the full set of data, and, surprisingly, the data from the 5-week and the 10-week promotional group already contained enough information to yield qualitatively the same parameter estimates as with the full set of data.
Standard initiation/promotion mouse skin-painting experiments had been evaluated earlier using a more complicated multistage model of carcinogenesis (8) . These experiments suggested that only a few initiated cells are produced during initiation, and initiated cells have a growth advantage compared to normal cells.
Translated into the terminology used here, oc2 was estimated to be smaller than 1 in this earlier research.
Using only the data from the initiation and promotion phase of the experiment, therefore, discarding the data from the stop-promotion phase yielded the same results as found in the earlier research. It was apparent that when using only this restricted data set, two sets of good parameters could be found, one similar to the early results and one similar to the results seen with the evaluation of the entire data set. The parameter set with c2 < 1 had a slight preference. Fixing On the basis of the model used here (Fig. 1) , the data from the experiment suggest that at the initiating event, a large number of initiated cells are produced, papillomas contain only a small fraction of (actively dividing) initiated cells and the death/differentiation rate of initiated cells is higher than the birth rate, even in the presence of the promoter. This last conclusion means that the expected size of the initiated cell population is not increased by promotion. The results show the impact of modeling clonal expansion as a stochastic process; from the large number of initiated cells produced at initiation, only a few will survive and those will quickly grow to visible clones.
In consequence, there are two conclusions that can be drawn. Either it has to be concluded that the mechanism upon which the model is based fails to describe the growth behavior of initiated cells, or it has be concluded that initiated cells do not possess a growth advantage over normal cells. It should be stressed that these conclusions rely on the information yielded from the stop-promotion phase of the experiment. The results of this analysis suggest that more complicated experimental designs should be applied to gain further insight into the growth kinetics of initiated cells.
